We explore 'benchmark surfaces' suitable for studying the phenomenology of Higgs bosons in the minimal supersymmetric extension of the Standard Model (MSSM), which are chosen so that the supersymmetric relic density is generally compatible with the range of cold dark matter density preferred by WMAP and other observations. These benchmark surfaces are specified assuming that gaugino masses m 1/2 , soft trilinear supersymmetry-breaking parameters A 0 and the soft supersymmetry-breaking contributions m 0 to the squark and slepton masses are universal, but not those associated with the Higgs multiplets (the NUHM framework). The benchmark surfaces may be presented as (M A , tan β) planes with fixed or systematically varying values of the other NUHM parameters, such as m 0 , m 1/2 , A 0 and the Higgs mixing parameter µ. We discuss the prospects for probing experimentally these benchmark surfaces at the Tevatron collider, the LHC, the ILC, in B physics and in direct dark-matter detection experiments. An Appendix documents developments in the FeynHiggs code that enable the user to explore for her/himself the WMAP-compliant benchmark surfaces.
commonly used in the literature encompass a range of different possibilities for the amount of mixing between the scalar top quarks, which have significant implications for MSSM Higgs phenomenology, and also include the possibility of radiatively-induced CP violation. The best-known example is the so-called "m max h scenario" [31] [32] [33] , which allows the search for the light CP-even Higgs boson to be translated into conservative bounds on tan β for fixed values of the top-quark mass and the scale of the supersymmetric particles [39] . The existing benchmark scenarios designed for the MSSM Higgs sector are formulated entirely in terms of low-scale parameters, i.e., they are not related to any particular SUSY-breaking scheme and make no provision for a possible unification of the SUSY-breaking parameters at some high mass scale, as occurs in generic supergravity and string scenarios.
In applications of the existing benchmark scenarios for the MSSM Higgs sector [31] [32] [33] [34] , one is normally concerned only with the phenomenology of the Higgs sector itself. Besides the direct searches for supersymmetric particles, other constraints arising from EWPO, Bphysics observables (BPO) and the possible supersymmetric origin of the astrophysical cold dark matter (CDM) are not usually taken into account. This may be motivated by the fact that the additional constraints from EWPO, BPO and CDM can depend sensitively on soft-supersymmetry breaking parameters that otherwise have minor impacts on Higgs phenomenology. For example, the presence of small flavour-mixing terms in the MSSM Lagrangian would severely affect the predictions for the BPO while leaving Higgs phenomenology essentially unchanged (see also Ref. [36] for a discussion of this issue).
In this paper we follow a different approach and adopt specific universality assumptions about the soft SUSY-breaking parameters, restricting our analysis of the MSSM to a wellmotivated subspace of manageable dimensionality. It is frequently assumed that the scalar masses m 0 are universal at some high unification scale, as are the gaugino masses m 1/2 and the trilinear parameters A 0 , a framework known as the constrained MSSM (CMSSM).
In such a scenario, the heavier MSSM Higgs boson masses are fixed in terms of the input parameters and tan β, so that M A is not an independent parameter, and consequently this scenario is too restrictive for our purposes. However, there is no good phenomenological or theoretical reason why the soft supersymmetry-breaking contributions to the Higgs masses should not be non-universal, a scenario termed the NUHM [40] [41] [42] . Within the NUHM, M A and µ can be treated as free parameters for any specified values of m 0 , m 1/2 , A 0 and tan β, so that this scenario provides a suitable framework for studying the phenomenology of the MSSM Higgs sector. Since the low-scale parameters in this scenario are derived from a small set of input quantities in a meaningful way, it is of interest to take into account other experimental constraints.
The main purpose of this paper is to explore new benchmark surfaces for MSSM Higgs phenomenology that are compatible with the cosmological density of cold dark matter inferred from a combination of WMAP and other observations [43] . While in the CMSSM only narrow strips in (m 1/2 , m 0 ) planes are compatible with WMAP et al. [44, 45] for given values of A 0 and tan β, the NUHM offers the attractive possibility to specify (M A , tan β) planes such that essentially the whole plane is allowed by the constraints from WMAP and other observations [25] . This is done assuming that R parity is conserved, that the lightest supersymmetric particle (LSP) is the lightest neutralinoχ 0 1 , and that it furnishes most of the cold dark matter required [46] . As we discuss in more detail below, compatibility with WMAP et al. cannot be maintained while keeping all the other NUHM parameters fixed. Accordingly, we discuss two examples of WMAP-compliant benchmark surfaces that are specified for fixed m 0 , µ and A 0 = 0 but varying m 1/2 , and two surfaces that are specified for fixed m 1/2 , m 0 and A 0 = 0 but varying µ. For the first two benchmark surfaces, a simple linear relation between m 1/2 and M A is imposed as the (M A , tan β) plane is scanned, whereas for the other two surfaces µ is varied through a relatively narrow range.
Following the specifications of these NUHM benchmark surfaces, we then explore the possibilities for studies of the MSSM Higgs bosons and other supersymmetric signatures across these (M A , tan β) planes. We consider the electroweak precision observables, principally
(g − 2) µ and M h , prospects for the search for H/A → τ + τ − at the Tevatron, prospects at the LHC -including searches for h → γγ and τ + τ − , H/A → τ + τ − and H ± → τ ± ν, and measurements of the ratio of h → τ + τ − and W W * branching ratios, prospects at the ILCincluding ways of distinguishing between the light MSSM h boson and an SM Higgs boson of the same mass by measuring (ratios of) branching ratios, prospects in B physics -including B s → µ + µ − , b → sγ and B u → τ ν, and the direct detection of supersymmetric cold dark matter. In an Appendix we introduce developments in the FeynHiggs code that enable the user to explore for her/himself the WMAP-compliant benchmark surfaces. These include the concept of a FeynHiggs record, a new data type that captures the entire content of a parameter file in the native format of FeynHiggs.
Specification of the Benchmark Surfaces
As an introduction to the specification of the benchmark surfaces in the NUHM, we first consider a generic (M A , tan β) plane for fixed m 1/2 , m 0 , A 0 and µ, adapted from Ref. [47] .
As we see in Fig. 1(a) , in the (M A , tan β) plane for m 1/2 = 600 GeV, m 0 = 800 GeV, µ = 1000 GeV and A 0 = 0, the relic LSP density satisfies the WMAP constraint only in narrow, near-vertical (pale blue) shaded strips crossing the plane. These lie to either side of the vertical (purple) line where mχ0
Within the narrow unshaded strip straddling this line, the relic density is suppressed by rapid direct-channel annihilations to a value below the lower limit of the range for the cold dark matter density indicated by WMAP et al. This strip would be acceptable for cosmology if there were some additional component of cold dark matter. Outside the shaded WMAP-compatible strips, at both larger and smaller values of M A , the relic LSP density is too high, and these regions are unacceptable 1 .
It is clear from this example that one may arrange for the relic LSP density to remain within the preferred WMAP range over (essentially) the entire (M A , tan β) plane if one adjusts m 1/2 continuously as a function of M A so as to remain within one of the narrow WMAP strips as M A increases. Accordingly, we study a benchmark (M A , tan β) plane P1
with the same values of m 0 = 800 GeV, µ = 1000 GeV and A 0 = 0, but with varying m 1/2 ∼ 9 8
M A . Since we evaluate observables using a discrete sampling of the NUHM parameter space, we consider values of m 1/2 lying within the small range of this central value:
The observables that we study do not vary significantly as m 1/2 is varied across this range.
Specifically, we use the m 1/2 that gives the value of the cold dark matter density that is closest to the central value within the allowed range, 0.0882 < Ω CDM h 2 < 0.1204 [43] (see below).
Previous analyses of the CMSSM indicated that values of m 1/2 and m 0 below 1 TeV are preferred, in particular by the EWPO [25, 48, 49] (see also Ref. [50] ). Accordingly, we study also a benchmark (M A , tan β) plane P2 with the fixed values m 0 = 300 GeV, µ = 800 GeV and A 0 = 0, with m 1/2 ∼ 1.2M A again varying continuously across the plane so as to maintain the WMAP relationship with M A . As before, because of our discrete sampling of the NUHM parameter space, we consider values of m 1/2 lying within a small range of this central value:
Again, the observables that we study do not vary significantly as m 1/2 is varied across this range.
More examples could be chosen with different fixed values of m 0 , µ and A 0 but, as long as m 1/2 is the parameter being varied to keep the LSP density within the WMAP range, Sample NUHM parameter planes with two parameters varied and the other four fixed, adapted from Refs. [47, 51] . The left plot displays a (M A , tan β) plane with m 1/2 = 600 GeV, m 0 = 800 GeV, µ = 1000 GeV and A 0 = 0. The range of cold dark matter density preferred by WMAP and other observations is attained in two narrow (pale blue) strips, one on either side of the vertical solid (blue) line where mχ0
The dark (green) shaded region at low M A and low tan β is excluded by b → sγ, and the medium (pink) shaded region at tan β > 36 is favoured by a µ . The region below the (red) dot-dashed line is excluded by the LEP bounds on M h . The right plot displays a (µ, M A ) plane with m 1/2 = 500 GeV, m 0 = 1000 GeV, tan β = 35 and A 0 = 0. Here the WMAP range of cold dark matter density is attained in two narrow strips at roughly constant positive and negative values of µ, which are swept apart by rapid annihilation when M A ∼ 2mχ0
1
. The dark (green) shaded region at µ < 0 is excluded by b → sγ, and the 0 < µ < 760 GeV strip (pink shading) is favoured by a µ . The region below the (red) dot-dashed line again is excluded by the LEP bounds on M h , and the region between the vertical (black) dashed lines has mχ± 1 < 104 GeV.
a similar relationship between m 1/2 and M A will always apply. The only flexibility in the choice of m 1/2 is whether one wishes to stay within the left or right near-vertical shaded strip. However, the corresponding values of m 1/2 do not differ greatly, and neither do the corresponding phenomenological signatures, though the lightest Higgs boson mass can be somewhat sensitive to this choice. The values of m 0 and (to a lesser extent) µ have far more impact on the phenomenology, and the benchmark choices we have made: m 0 = 800 GeV for P1 and m 0 = 300 GeV for P2, provide significant and interesting differences worthy of examination.
We also study two other (M A , tan β) planes, whose motivation can be gained from examination of the (µ, M A ) plane shown in Fig. 1(b) , which is adapted from Ref. [51] . We see that, for a fixed choice of values of m 1/2 = 500 GeV, m 0 = 1000 GeV and 
In the following, we evaluate observables for a discrete sampling of µ values within this range.
Since the corresponding variation of the particle mass spectrum is quite small, the impact of the variation of µ on the observables discussed below is negligible. The other example of such a benchmark plane, P4, has fixed m 1/2 = 300 GeV, m 0 = 300 GeV and A 0 = 0, with µ in the range
As in the previous case, the LSP density lies within the WMAP range except for a small range of M A ∼ 2mχ0 1 where the density is below the preferred range. However, again this is acceptable if there is some other component of cold dark matter. The parameter choices for this and the other NUHM benchmark surfaces are summarized in Tab. 1 3 .
A likelihood analysis of these four NUHM benchmark surfaces, including the EWPO M W ,
and ∆M Bs was performed recently in Ref. [25] . The lowest χ 2 value in each plane, denoted as χ 2 min , is shown in the rightmost column of Tab. 1, corresponding to the points labeled as 2 We note in passing that the LEP lower limit on M h excludes a strip of this plane at low M A indicated by the (red) dash-dotted line, and the LEP lower limit on the chargino mass excludes values of µ between the two vertical (black) dashed lines.
3 A minor change in the best-fit point and the χ 2 min ocurred for the P2 scenario in comparison with Ref. [25] On surfaces P1 and P2, where m 1/2 scales with M A so as to remain in the funnel region, much of the mass spectrum scales with M A . Specifically, the lightest neutralino and chargino masses simply scale in direct proportion to M A for these surfaces. The light squark masses and stau masses also scale with m 1/2 (and hence M A ), though the latter are also slightly dependent on tan β as well. In the range M A ≤ 1 TeV displayed in these planes, the light squark masses range up to ∼ 2.3 TeV for surface P1, within reach of the LHC. However, because of the relatively large values of m 0 , the light squarks are beyond the current reach of the Tevatron collider even at low M A (and hence m 1/2 ). For P2, the light squark masses range up to ∼ 1.7 TeV.
Turning to surfaces P3 and P4, because they have fixed values of m 1/2 and m 0 , there are very small variations in the sparticle mass spectra across these planes. For example, the lightest neutralino and chargino masses are determined primarily by m 1/2 , and so they both take almost constant values on the benchmark surfaces. Similarly, the light squark masses are determined by a combination of m 1/2 and m 0 and show little dependence on either M A or tan β. On the other hand, the lightest stau mass has a slight dependence on tan β, due to the variable splitting of the third-generation sparticle masses. These mass splittings increase at large tan β, leading to smaller stau masses.
We display in each plane the region excluded (black shaded) at the 95 % C.L. by the LEP Higgs searches in the channel e + e − → Z * → Zh, H [52, 53] . For a SM-like Higgs boson we use a bound of M h > 113 GeV. The difference from the nominal LEP mass limit allows for the estimated theoretical uncertainty in the calculation of M h for specific values of the input MSSM parameters [54] . In the region of small M A and large tan β, where the coupling of the light CP-even Higgs boson to gauge bosons is suppressed, the bound on M h is reduced to M h > 91 GeV [52] .
Electroweak precision observables
In this Section we summarize key predictions for electroweak precision observables (EWPO) over the four benchmark surfaces. In Ref. [25] it was shown that M W , sin 2 θ eff and Γ Z agree within ∼ 1 σ with the current experimental value over all the benchmark surfaces.
Since their variations are relatively small, we do not display these observables in this paper, Concerning a µ , we recall that, according to a recent evaluation of the Standard Model contribution based on low-energy e + e − data, there is a discrepancy with the experimental measurement by the E821 Collaboration [62, 63] . It would be premature to regard this deviation as solid evidence for new physics. However, within the SUSY framework we explore , displaying the contours of ∆χ 2 found in a recent global fit to EWPO and BPO [25] . All surfaces have A 0 = 0. We also display individually the contours of M h found using FeynHiggs [54] [55] [56] [57] and the contours of a µ found using Refs. [58] [59] [60] [61] . The 1(2)-σ range for a µ is demarcated by dashed (solid) lines. The dark shaded (black) region corresponds to the parameter region that is excluded by the LEP Higgs searches in the channel e + e − → Z * → Zh, H [52, 53] .
here, this discrepancy does impose a significant constraint on the parameter space, and makes an important contribution to the global χ 2 function whose contours are shown in Fig. 2 . Our evaluation of a µ is based on Refs. [58] [59] [60] [61] , which yields [64, 65] :
equivalent to a 3.3-σ effect 4 . In Fig. 2 we show the contours ∆a µ = 10.7, 19.1, 35.9, 44.3 × 10 −10 for the net supersymmetric contribution to a µ .
In the case of surface P1, we see that the best-fit point corresponds to M h ∼ 118 GeV and ∆a µ ∼ 10.7 × 10 −10 . In most of the displayed region of the surface that is favoured at the global ∆χ 2 < 4.61 level, ∆a µ is considerably lower than the range favoured in eq. (5).
In the case of surface P2, the best-fit point has M h ∼ 118 GeV, and ∆a µ is within the 1-σ range given by eq. (5). In the case of surface P3, the best-fit point has M h > 118 GeV and again a low value of ∆a µ . Finally, the best-fit point in surface P4 has M h ∼ 115 GeV and an excellent value of ∆a µ , according to eq. (5). The fact that the best-fit points do not always
have favoured values of ∆a µ reflects the importance of other precision observables, notably the BPO discussed later.
Tevatron Phenomenology
We first consider how experiments at the Tevatron collider in the next years could probe the benchmark surfaces P1, P2, P3 and P4. We consider one possible Tevatron signature for the MSSM Higgs sector, namely H/A → τ + τ − , for which expectations are evaluated using the results from Ref.
[70]. They are based on the expectation of a 30% improvement in the sensitivity with respect to Ref. [6] . We see in Fig We note that the CDF Collaboration has recently reported a ∼ 2-σ excess of candidate H/A → τ + τ − events [9] , which would correspond to M A ∼ 160 GeV and tan β > 45. As discussed in Ref. [30] , taking into account all the available experimental constraints, this possible excess could be accommodated within the NUHM only for rather different values of the parameters from those considered in the benchmark scenarios, namely m 1/2 ∼ 650 GeV, m 0 ∼ 1000 GeV, A 0 ∼ −1900 GeV, µ ∼ 385 GeV. A likelihood analysis yields values of χ 2 ∼ 9-10, somewhat higher than the values for the benchmark surfaces. Within the four benchmark scenarios here, the precision observables are not in good agreement with low M A and large tan β, reflecting the fact that the points with M A ∼ 160 GeV and tan β > 45 lie well outside the regions with ∆χ 2 < 4.61 on all of these benchmark surfaces.
LHC Phenomenology
In this Section we present and compare the sensitivities of various LHC searches for MSSM Higgs bosons as functions of M A and tan β in the benchmark surfaces P1, P2, P3 and P4.
The Higgs bosons can either be produced 'directly' or via cascades, starting with gluino or squark production [71] . We focus here on the first possibility, but it should be kept in mind that the production via cascades could offer additional channels for the Higgs detection. A full evaluation of these channels across the benchmark surfaces must await a more complete evaluation of the experimental sensitivities to such decay modes.
We start the analysis with the light MSSM Higgs boson that behaves like the SM Higgs boson for M A ≫ M Z . As a consequence, the region M A ≫ M Z can be covered in all benchmark scenarios if a SM Higgs with M SM H = M h is accessible at the LHC [11, 12, 14] . In Fig. 4 we display on the WMAP-compatible (M A , tan β) planes the 5-σ discovery contours for pp → h → γγ at the LHC with 30 fb −1 in the CMS detector [14] , where the areas to the right of the lines (i.e. for larger M A ) are covered by the pp → h → γγ search. This channel is particlarly important for a precise mass measurement of the lightest MSSM Higgs boson. We show separately the sensitivities for a cut-based analysis (blue solid line) and for an "optimized" analysis (black dotted line), see Ref. [14] for details. The cut-based analysis should be regarded as a conservative result, while the "optimized" analysis should perhaps be regarded as an optimistic expectation [72] . In the cases of surfaces P1 and P2, the LHC cut analysis for the pp → h → γγ search covers all of the ∆χ 2 < 2.30 region and the optimized analysis nearly the whole parameter plane. For P3 only parts of the preferred region can be covered, while for P4 even with the optimized analysis the best-fit point as well as large parts of the ∆χ 2 < 2.30 area remain uncovered. In this region, more luminosity would need to be accumulated in order to see a 5-σ signal in the pp → h → γγ channel.
We turn next to the reaction Fig. 4 we display the 5-σ discovery contours for
at the LHC with 60 fb −1 in the CMS detector [14] , where the areas to the right of the lines (i.e. for larger M A ) are covered by this search. In the cases of surfaces P1 and P2, the 5-σ discovery contours lie within the region already excluded by LEP, so this search covers all the unexcluded parts of the surfaces. In the cases of surfaces P3 and P4, however, [78] channels, collected with the CMS detector. As shown in Ref. [79] , the impact of the supersymmetric parameters other than M A and tan β on the discovery contours is relatively small in this channel, and the decays of H/A to SUSY particles [73] [74] [75] are in general suppressed by large sparticle masses. Only in P4 the decay to the lightest neutralinos and charginos is possible over nearly the whole plane (see also Sect. 2). Including such decays in the evaluation of the discovery reach could increase the coverage for heavy Higgs bosons somewhat. As a consequence of the relatively small impact of the other SUSY parameters, the discovery contours in the four benchmark surfaces are similar to each other and to those in the "conventional" benchmark scenarios [79] . The 5-σ discovery contours for the various τ decay modes are shown separately: they may each be scaled individually for different values of the jet (j), µ and electron (e) detection efficiencies, see Ref. [79] . The sensitivities of the three different search strategies could in principle be combined, but information required for making such a combination is not yet available from the CMS Collaboration. Nor is the information available that would be needed to extend the discovery contours to small M A < 200 GeV or to large M A > 500 to 800 GeV. Nevertheless, we see that the whole at the LHC with 60 or 30 fb −1 (depending on the τ decay channels) and for H ± → τ ± ν detection in the CMS detector when M H ± > m t (see text).
the LHC provides access to considerably heavier H/A, up to about 800 GeV, and that the covered region extends to lower values of tan β, reaching tan β ∼ 10 at low M A . Comparing with Fig. 4 , we see that the H/A → τ + τ − searches presumably also cover the regions at M A < 150 GeV and tan β > 11, 14 that were left uncovered in the P3 and P4 surfaces, respectively, by the
It would be interesting to verify this by means of an extension of the available CMS analysis. We also show in Fig. 5 the 5-σ contours for discovery of the H ± via its τ ± ν decay mode at the LHC, in the case M H ± > m t . We see that the coverage is limited in each of the scenarios P1, P2, P3 and P4 to M A < 300 GeV and tan β > 30, reaching a small part of the ∆χ 2 < 2.30 region of surface P3, only a small part of the ∆χ 2 < 4.61 region of surface P1, and not even reaching this region in scenarios P2 and P4. One may also search for H ± → τ ± ν for lighter M H ± < m t , but in the cases of surfaces P1 and P2 this would be useful only in the regions already excluded by LEP, and the accessible regions in surfaces P3 and P4 would also be quite limited. Another class of possible measurements at the LHC comprises the precise determinations of h decay branching ratios [80] , and using their ratios to search for deviations from the SM predictions for a Higgs boson of the same mass. Such deviations may arise in the MSSM due to differences in the tree-level couplings and due to additional (loop) corrections. The most sensitive observable is likely to be the ratio of BR(h → τ + τ − )/BR(h → W W * ). We display in (33%) can be achieved for 30 (300) fb −1 . For M h = 120 GeV the corresponding precision is 38% (29%). The most promising surfaces are P3 and P4, and we see that over essentially all the left lobe of the ∆χ 2 < 4.61 region for P4 a 5-σ discrepancy with the SM should be detectable 6 . On the other hand, only partial coverage of the left lobe of surface P3 would be possible, and the sensitivities in the right lobes of P4 and P3 and in the P1 and P2 surfaces are considerably less promising. Nevertheless, measuring BR(
does offer the prospect of distinguishing between the NUHM and the SM in the low M A regions of surfaces P3 and P4. 6 It should be kept in mind that the actual experimental precision on the ratio BR(h → τ + τ − )/BR(h → W W * ) will be different in this parameter region from the numbers quoted above which assume SM rates. 
ILC Phenomenology
In this section we analyze the deviations in the branching ratios of the lightest MSSM Higgs boson to SM fermions and gauge bosons in comparison with a SM Higgs boson of the same mass that could be measured at the ILC (see also Ref. [21] [18, 82, 83] . The experimental precision in the last column corresponds to 1 σ in the plots below. ILC(500,1000) refers to a center-ofmass energy of 500, 1000 GeV, respectively.
We show in Fig. 7 the prospective sensitivity of an ILC measurement of the BR(h → bb) in the four (M A , tan β) planes. The experimental precision is anticipated to be 1.5%, see Tab. 2. We display as solid (blue) lines the contours of the +5, +3, +2, +1, 0 σ deviations (with +2 σ in bold) of the MSSM result from the corresponding SM result (for low M A and large tan β in P2 we also find contours for −2, −1 σ, with −2 σ in bold). The separations between the contours indicate how sensitively the SUSY results depend on variations of M A and tan β. Also shown in Fig. 7 via dashed (green) lines is the sensitivity to SUSY effects of the ILC measurement of the ratio of branching ratios BR(h → bb)/BR(h → W W * ) (for low M A and large tan β in P2 we also find contours for −5, −3, −2, −1 σ). The precision measurement of the ratio BR(h → bb)/BR(h → W W * ) clearly provides a much higher sensitivity to SUSY effects than the measurement of BR(h → bb) alone (see also Ref. [20] ). For the ILC measurement of the BR(h → bb), in the cases of P1 and P2 we see that the prospective sensitivities are less than 3 σ throughout almost all the regions with ∆χ 2 < 4.61. The situations are different, however, for the planes P3 and P4. In each case, the cosmologically-favoured region is divided into separate lobes at low and high M A . In the P3 case, the measurement of BR(h → bb) would be sufficient to establish a SUSY effect with more than five σ throughout most of the low-M A lobe, and all of it in the P4 case. A precision measurement of BR(h → bb)/BR(h → W W * ) yields a significant improvement for all benchmark surfaces. We see that, in case P1, the sensitivity already exceeds 5 σ in much of the region with ∆χ 2 < 2.30, and the fraction of this region covered at the 5-σ level is even larger in the case P2. Even more encouragingly, in the case P3 the sensitivity exceeds 5 σ throughout the ∆χ 2 < 2.30 region, and in the case P4 it exceeds 5 σ by a substantial amount throughout the ∆χ 2 < 4.61 region.
Next, we show in Fig. 8 the prospective sensitivity of an ILC measurement of the BR(h → τ + τ − ) in the four (M A , tan β) planes, using solid (red) contours. In the cases of P1 and P2,
we again see that the prospective sensitivities are less than 3 σ throughout almost all the regions with ∆χ 2 < 4.61. In the cases of planes P3 and P4, the sensitivities are greater, but less than the corresponding sensitivities to the BR(h → bb) shown previously in Fig. 7 . Of all the single ILC measurements, the one with the greatest sensitivity to SUSY effects is that of the BR(h → W W * ), which is also shown in Fig. 8 using dashed (black) lines. In the cases P1 and P2, we see that the sensitivity may rise above 5 σ already within the ∆χ 2 < 4.61
region. In the case of P3, the sensitivity is well above 5 σ throughout the low-M A region.
In the case of P4, a 5-σ significance is exceeded already in much of the high-M A lobe, where the sensitivity never falls as low as 3 σ in the χ 2 favored region.
We have not made a complete study of the combined sensitivity of the ILC measurements to the benchmark surfaces, but it is clear from this brief survey that the ILC measurements would in general provide interesting tests of the MSSM at the loop level. In the absence of detailed studies, we expect that CLIC measurements would have similar sensitivities, since h production would be more copious at the higher CLIC energies, and the CLIC luminosity at lower energies could be similar to that of the ILC [23] . In addition to the precision measurements described here, the ILC and CLIC would be able to produce directly associated H + A pairs above the kinematic threshold.
B Physics
We display in Fig. 9 the results for three BPO BR(
, in the four benchmark (M A , tan β) planes. The prediction of B s → µ + µ − is based on Ref. [47, 84] . The solid (beige) line indicates BR(B s → µ + µ − ) = 10 −7 , corresponding roughly to the current upper bound from CDF [85] and D0 [86] . The latest bound reported by CDF has recently been lowered to 5.8 × 10 −8 [87] .
The dashed (beige) line indicates a BR of 2 × 10 −8 . In Fig. 9 we see that the current upper limit on B s → µ + µ − already excludes regions of the planes at small M A and large tan β, starting to cut into the region with ∆χ 2 < 4.61. The prospective sensitivities would extend as far as the best-fit points.
For b → sγ our numerical results have been derived with the BR(b → sγ) evaluation provided in Refs. [88] , incorporating also the latest SM corrections provided in Ref. [89] .
The results in Fig. 9 Our results for BR(B u → τ ν τ ) are based on Ref. [91] . In the four benchmark scenarios of Fig. 9 the results are shown in form of the NUHM result divided by the SM prediction as black lines. The solid (dashed) lines correspond to a ratio of 0.9 (0.7), where the current central value is 0.93 ± 0.41 [92, 93] . It can be seen that the best fit value as well as large parts of the χ 2 preferred parts of the benchmark planes predict a value somewhat lower than the current experimental result. However, with the current precision no firm conclusion can be drawn.
Direct Detection of Supersymmetric Dark Matter
In Fig. 10 we show how the direct detection of the LSP via spin-independent scattering on nuclei probes the four (M A , tan β) planes. We focus here on the bound from the XENON10 experiment that was recently published by the XENON collaboration [27] , which improves on the previous CDMS results [26] . We note that the XENON10 experiment has seen some potential signal events which are, however, interpreted as background. The constraint imposed by the limits from direct detection experiments is sensitive to two theoretical uncertainties that are independent of the specific dark matter model. One is the local density of cold dark matter, which is normally estimated to be ρ CDM = 0.3 GeV/cm 3 ,
although smaller values may be consistent with some models of the Galaxy. The other important uncertainty is that in the nucleonic matrix element of the local operator responsible for the spin-independent scattering amplitude. This is related, in particular, to the so-called σ term, Σ πN , that may be derived from measurements of low-energy π-nucleon scattering.
The solid lines in Fig. 10 correspond to the XENON10 bound obtained assuming ρ CDM = 0.3 GeV/cm 3 and using Σ πN = 45 MeV as input, corresponding to a relative strange-quark density y ≡ 2 N|ss|N / N|(ūu +dd)|N = 0.2 [94] . These assumptions are realistic, though there is a large uncertainty in the strangeness contribution which may lead to larger rates if Σ πN is larger or significantly lower rates if the strangeness contribution to the proton mass is small. The dashed lines show the bounds that one would obtain from the XENON10 experiment assuming the same value of ρ CDM , but with Σ πN = 36 MeV corresponding to y = 0, and therefore representing more conservative assumptions. Finally, as an example of the possible sensitivity of future experiments, the dotted lines show the contours one would obtain for a spin-independent cross section of 10 −8 pb, assuming the same value of ρ CDM and Σ πN = 45 MeV as input.
We see from Fig. 10 that the surfaces P1 and P2 are not probed by the current limits from the XENON10 experiment. Only the possible future sensitivity at 10 −8 pb starts to cut into the ∆χ 2 < 4.61 region. For these planes, accelerator searches are clearly more powerful.
The situation is different for the planes P3 and P4, due to the relatively low values of m 1/2 across these planes. We recall that, for planes P1 and P2, m 1/2 scales with M A and the sparticle spectrum is typically heavier at large M A than at the corresponding points in planes P3 and P4. As a result, the spin-independentχ 0 1 − p elastic cross section is suppressed for planes P1 and P2. On the other hand, we see that the current XENON10 bound probes large parts of the ∆χ 2 < 2.30 areas of P3 and P4 planes, if one uses the moderate values of Σ πN = 45 MeV and the strange-quark content. Indeed, in the case of the P4 surface, the current XENON10 bound would even cover the best-fit point for this value of Σ πN and the default value for the local density of cold dark matter. The more conservative analysis, on the other hand, is sensitive only to smaller M A values, and probes only a much smaller part of the regions preferred by the χ 2 analysis. Finally, we note that a future sensitivity to a cross section of 10 −8 pb would cover the entire P3 and P4 surfaces.
Conclusions
The value of benchmark studies is that they allow one to understand better the range of possibilities opened up by supersymmetry. It is therefore desirable that benchmarks be chosen in such a way as to respect, as far as possible, the definitive experimental constraints, and also that they be susceptible to systematic study. We have demonstrated in this paper how NUHM benchmark surfaces chosen so that the relic cold dark matter density falls within or below the range favoured by WMAP and other experiments may be used to probe supersymmetric phenomenology. Our approach based on the NUHM scenario significantly differs from previous proposals of benchmark scenarios for the MSSM Higgs sector that were entirely formulated in terms of low-scale parameters and that were not suitable for a phenomenologically acceptable prediction of the cold dark matter density. The analysis of our proposed benchmark surfaces is facilitated by developments in the FeynHiggs code that are described in the Appendix. These will enable the interested reader to explore the prospects for her/his favourite experimental probe of supersymmetry in these benchmark surfaces.
We have displayed the constraints currently imposed in the new benchmark surfaces by electroweak precision observables, and explored the prospects for Higgs searches at the Tevatron collider, the LHC and the ILC, and we have also explored indirect effects in B physics and in dark matter detection. Whereas the Tevatron collider will be able only to nibble at corners of these NUHM benchmark surfaces, experiments at the LHC will be able to cover them entirely, and the ILC will have good prospects for precision measurements. There are good prospects for B experiments in parts of the benchmark surfaces, and direct dark matter may be detectable in some cases.
It should of course be noted that benchmark studies may soon be rendered obsoletenamely by the discovery of supersymmetry.
As we were completing this paper, we heard the sad news of the passing away of Julius Wess, one of the discoverers and founding fathers of supersymmetry. Julius did so much to develop our understanding of supersymmetry, to awaken our appreciation of its beauty, and to convince us of its importance for physics. Humbly and respectfully, we dedicate this paper to his memory.
A Evaluation of Benchmark Surfaces with FeynHiggs
The new benchmark surfaces have been implemented into the code FeynHiggs [54] [55] [56] [57] . In this way, any user may apply them to perform phenomenological analyses.
From the mathematical point of view, the NUHM/CDM constraints introduce non-trivial relations between input parameters, which thus cannot be scanned naively by independent loops. To solve this in a generic way, FeynHiggs 2.6 allows the user to interpolate the inputs from a Parameter Table into which arbitrary relations can be encoded. The tables containting the four benchmark surfaces can be downloaded from http://www.feynhiggs.de. To implement the new format of a Parameter Table, significant internal rearrangements were necessary from which the concept of a FeynHiggs Record evolved.
A Record is a new data type which captures the entire content of a parameter file in the native format of FeynHiggs. In this respect it is akin to the SUSY Les Houches Accord Record [95] , but also encodes information about parameter loops and has 'inheritance rules' for default values. Using the routines to manipulate a Record, the programmer can, among other things, process FeynHiggs parameter files independently of the front end.
In addition to containing loops over parameters, a Record can be associated with a Parameter Table in Technically, a Record is a two-dimensional real array of the form
. . .
• The column index i specifies the parameter. The indices are labelled as in the parameter file, but prefixed with an i (see Table 3 ).
• The row index j enumerates the variables that constitute the loop over a parameter,
i.e. the current, lower, and upper value and the step size. The loop inferred through these parameters has the form do rec(i,iVar) = rec(i,iLower), rec(i,iUpper), rec(i,iStep) ...
enddo
• U entries indicate fields filled in by the user. If no loop is desired over a particular parameter, the fields rec(i,iUpper) and rec(i,iStep) can be omitted. On top of that there are also 'inheritance rules' (given in Table 3 ), stating for example that M3SL defaults to MSusy if not given explicitly.
• Fields can be set or read out using ordinary Fortran array access, e.g.
rec(iTB,iLower) = 10 or print *, "At = ", rec(Re(iAt),iVar), rec(Im(iAt),iVar)
The 'current value' field (iVar) should not be set explicitly, as it is updated automatically by FHLoopRecord.
A.1.3 Looping over a Record / Setting the FeynHiggs input
The loops over parameters contained in a Record are worked off through calls to FHLoopRecord, which update the Record's 'current value' fields (iVar). 
A.3.2 Using a Record with Table in Fortran
In Fortran, the same example might be coded as 
